Protein translation in noroviruses requires translational processing of a polyprotein precursor by the viral protease. So far, the molecular mechanisms of catalytic cleavage by the viral protease are poorly understood. In this study, the catalytic activities and substrate specificities of the viral protease were examined in vitro by using synthetic peptides (11-15 residues) corresponding to the cleavage sites of the norovirus polyprotein. Both predicted forms of the viral protease, the 3C-like protease (3C pro ) and the 3CD-like protease polymerase protein (3CD propol ), displayed a specific trans cleavage activity of peptides bearing Gln-Gly at the scissile bond. In contrast, peptides bearing Glu-Gly at the scissile bond (p20/VPg and 3C pro /3D pol junctions) were resistant to trans-cleavage by 3C pro and 3CD propol . Interestingly, the VPg/3C pro scissile bond (Glu-Ala) was cleaved only by 3CD propol , and examination of relative cleavage efficiencies revealed significant differences in processing of peptides, indicating differential cleavage patterns for 3C pro and 3CD propol .
Noroviruses are RNA viruses with a single-stranded genome encoding three open reading frames (ORF-1 to ORF-3). Like other RNA viruses with a positive-oriented genome (e.g. poliovirus and hepatitis C virus), noroviruses use a translational strategy based on translational processing of a polyprotein precursor encoded by ORF-1. This co-translational processing is mediated by one of the key players in virus replication, the viral protease. The norovirus 3C-like protease (3C pro , 19 kDa) is located in the C-terminal half of the polyprotein precursor, upstream of the viral RNA-dependent RNA polymerase (3D-like, 3D pol ). 3C pro is released by autocatalytic cleavage from the polyprotein precursor.
In noroviruses, the molecular mechanisms of peptide cleavage by the viral protease are poorly understood. It is also unclear whether active norovirus 3C pro can be generated in vitro and purified after autocatalytic release from a larger precursor, i.e. 3CD
propol . Furthermore, the sequential release of the non-structural proteins from the norovirus polyprotein precursor has not been characterized.
In this study, it was postulated that (i) both 3C pro and 3CD
propol are active forms of the viral protease, but display differential cleavage patterns of the norovirus polyprotein, and (ii) sequential processing of the cleavage sites in the polyprotein occurs. To address these hypotheses, the trans-cleavage activity of the purified, autocatalytically cleaved 3C pro and 3CD propol proteins was examined in a cell-free assay by using peptides bearing the scissile bonds from the norovirus polyprotein.
Expression and purification of autocatalytically released norovirus 3C pro was performed as described previously (Rohayem et al., 2006a, b) with slight modifications. Briefly, a cDNA fragment (729 bp) encompassing the norovirus 3C-like protease gene and bearing the VPg/3C pro and 3C
pro /3D pol cleavage sites at its 59 and 39 ends, respectively, was generated by PCR from norovirus clone pUSNorII (GenBank accession no. AY741811; Fig. 1 ). The cDNA was cloned into the pET-28b(+) vector (Novagen), resulting in expression vector pUSNorII-DVPg3C pro D3D pol , which was used to transform Escherichia coli BL21(DE3)pLysS cells. Upon expression and after autocatalytic cleavage of 3C pro from its precursor
pol , the protein was purified by precipitation with 75 % ammonium sulfate followed by cationexchange chromatography. Fractions containing proteins were collected and used for the peptide-based assay. Protein concentration was determined with a BCA Protein Assay kit (Pierce) based on the Biuret reaction. Expression and purification of autocatalytically released norovirus 3CD propol were performed as described above with slight modifications. Briefly, a cDNA fragment (2250 bp) encompassing the norovirus 3C-like and norovirus 3D-like genes and bearing the VPg/3C pro cleavage site at its 59 end was generated by PCR from norovirus clone pUSNorII (GenBank accession no. AY741811; Fig. 1 propol from its precursor DVPg3C pro(E1189A) 3D pol , the protein was purified and its concentration was determined as described above.
Five peptides corresponding to the cleavage sites within the norovirus polyprotein precursor were used as substrate (Table 1 ). Peptides were synthesized by Invitrogen and purified by HPLC on a reversed-phase column (RP-HPLC). Lyophilized peptides were dissolved in Tris buffer (40 mM Tris, 150 mM NaCl, pH 7.2) at a final concentration of 1 mg ml 21 . Proteolytic cleavage was examined in a reaction mix containing 30 mM peptide and 4 mM 3C pro in a final volume of 100 ml. Digestion experiments were performed at 30 u C. The reaction was stopped after 17 h by addition of 0.5 % trifluoroacetic acid (TFA). Proteolytic cleavage was monitored by RP-HPLC analysis using the following conditions: YMC-Pack ODS-AQ column (YMC Europe), 4.6 mm612 cm, 15 % B/85 % A to 65 % B (with 0.1 % TFA as solvent A and 65 % acetonitrile/35 % water/ 0.1 % TFA as solvent B), linear gradient in 90 min, 1 ml min 21 flow rate and 23 u C. These experimental conditions are further referred to as 'standard conditions'. A 215 was determined and peak areas were calculated by integration. The cleavage efficiencies of the peptides by the viral pol , predicted to encompass the active protease of norovirus (aa 1009-1189 in ORF-1), is shown. The recombinant 3CD
propol precursor [DVPg3C pro(E1189A) 3D pol ] bears a (His) 6 tag at the C terminus. 
protease were reported as F (%), the fraction of substrate that is converted to product based on the integrated peak area (O'Leary & Baughn, 1972; Pallai et al., 1989) . Comparative analysis of cleavage efficiencies was performed by using a non-parametric Mann-Whitney U-test using GraphPad InStat version 3.0a for Macintosh (GraphPad Software). Statistical significance was set at P,0.05. Overnight incubation of the peptides with 3C pro followed by analysis of the reaction by RP-HPLC provided evidence of proteolytic cleavage of peptides p37/2C and 2C/p20 by 3C pro (Fig. 2a) . These results are in accordance with previous reports on the activity of norovirus 3C pro in cellfree (Belliot et al., 2003; Liu et al., 1999; Seah et al., 2003) and cell-based Seah et al., 1999 Seah et al., , 2003 Sosnovtsev et al., 2006) systems. However, no cleavage products were observed when peptides VPg/3C, 3C/3D or p20/VPg were incubated with 3C
pro , suggesting resistance of these peptides to proteolytic processing by 3C pro in trans. Interestingly, peptide VPg/3C was cleaved by 3CD
propol in trans (Fig. 2a) . This processing of the VPg/ 3C scissile bond was not observed previously in a cell-free system using the polyprotein precursor of Norwalk virus (Blakeney et al., 2003; Hardy et al., 2002) , suggesting a possible difference in processing of the polyprotein precursor scissile bonds that depends on the experimental system used. In our study, and for the first time to our knowledge, a highly purified, autocatalytically cleaved norovirus protease, its precursor and highly purified synthetic peptides reflecting the authentic cleavage sites of the norovirus polyprotein precursor were used. Our observations suggest differential cleavage patterns of the scissile bonds in the norovirus polyprotein by 3C pro and 3CD
propol .
To further characterize the specificities of 3C pro and 3CD
propol for the predicted cleavage sites, the RP-HPLC fractions containing the products of peptide proteolysis were subjected to mass-spectrometric (MS) analysis. MS analysis of HPLC fractions containing the products of limited proteolysis was performed at the Mass Spectrometry Facility of the Max-Planck-Institute of Molecular Cell Biology and Genetics, Dresden, Germany. MALDI (matrix-assisted laser desorption/ionization) analysis was carried out on a Reflex IV MALDI time-of-flight mass spectrometer (Bruker Daltonics) in reflective mode using a-cyano-4-hydroxy-trans-cinnamic acid as the matrix, as described by Thomas et al. (2004) . Spectra were calibrated externally by using masses of abundant autolysis products of trypsin. NanoESI (electrospray ionization)-MS and MS/MS analyses were performed on a hybrid quadrupole time-of-flight mass spectrometer QSTAR Pulsar i (MDS Sciex) equipped with an automated chipbased nanoflow ion source (Advion). Spectra were processed with BioAnalyst QS v.1 software (MDS Sciex).
First, the fractions containing the products of proteolysis of the p37/2C peptide were examined. For the first product of proteolysis, MALDI MS could not determine the exact mass of the cleaved product, displaying a spectrum at about 700 Da. Therefore, ESI-MS and MS/MS (fragmentation) analysis was applied, and the expected sequence GPEDLAV of the singly charged peptide was confirmed by fragmentation of this precursor. The second product of proteolysis displayed a mass corresponding to the expected peptide fragment LLGDYELQ (calculated M+H, 950.341 Da). Next, the fractions containing the products of proteolysis of the 2C/p20 peptide were examined. The first product displayed a mass corresponding to expected peptide fragment GPALTTF (calculated M+H, 706.270 Da). The second product peak had a mass corresponding to the expected fragment RLDEFELQ (calculated M+H, 1049.561 Da). Finally, the fractions containing the products of limited proteolysis of the VPg/ 3C peptide were examined. The first product displayed a mass corresponding to the expected peptide fragment YNEKLSFE (calculated M+H, 1029.489 Da). The second product had a peak with mass corresponding to the expected fragment APPSIWS (calculated M+H, 757.388 Da). These observations confirm the specificity of norovirus 3C
pro and 3CD propol for the scissile bond Gln-Gly, as well as for Glu-Ala in the case of 3CD
propol . To examine whether the P2 and P3 positions in the peptide sequence modulate cleavage of the p20/VPg and 3C/3D peptides, two additional peptides bearing mutations at positions P2 [p20/ VPg(TP2L)] and P3 [3C/3D(TP3E)] were designed. Neither peptide was cleaved by 3CD
propol or 3C pro , suggesting that the specificity of 3C pro activity is modulated by the sequence of the scissile bond.
To characterize the differential cleavage patterns of 3C pro and 3CD
propol , cleavage efficiencies of the scissile bonds were compared. Therefore, the activity of the norovirus protease 3C
pro in comparison to its putative precursor 3CD propol was measured in the peptidolytic assay run under standard conditions. As shown in Fig. 2(a) , norovirus 3C pro cleaved peptides p37/2C and 2C/p20 more efficiently than did 3CD propol (P50.0143 and P,0.001, respectively, by non-parametric Mann-Whitney U-test). However, peptide VPg/3C was cleaved only by 3CD
propol . These data suggest differential cleavage patterns of the norovirus polyprotein by 3C pro and 3CD propol . It also suggests that the Gln-Gly scissile bond between the P1 and P19 positions of the peptide is an important modulator of cleavage specificity by the 3C-like protease. Indeed, the only peptides that were cleaved by 3C pro in trans displayed a Gln-Gly scissile bond. The VPg/3C scissile bond, consisting of Glu-Ala, was not cleaved by 3C pro , but was cleaved by 3CD
propol . Hence, the P1 and P19 positions seem to play important roles in modulating the differential cleavage of the scissile bonds. Interestingly, peptides 3C/3D and p20/VPg, which were not cleaved in trans, displayed a Glu-Gly scissile bond, thus differing in the P1 and P19 positions from the above-mentioned cleavage sites. However, the Glu-Gly scissile bond of the 3C/3D junction was cleaved in cis, indicating that this dyad may play a role in regulating cis versus trans cleavage. Cleavage in cis by the 3C-like protease has already been discussed by Someya et al. propol . The order of release of the non-structural proteins is based on the cleavage efficiencies of 3C pro and 3CD propol as well as on the relative cleavage efficiencies of the peptides. In the first step, 3C pro cleaves the 2C/p20 and p37/2C bonds in trans, releasing p37, 2C
NTPase and p20VPg3CD propol . This is followed by cleavage of the VPg/3C pro scissile bond by 3CD propol , releasing 3CD propol . Then, 3C pro cleaves the 3C pro /3D pol scissile bond in cis, releasing the 3C-like protease and the 3D-like polymerase. Cleavage of p20/VPg is probably not dependent on the catalytic activity of the norovirus 3C-like protease alone, but rather on other cellular components. The final stable products are highlighted. The scissile bonds in the norovirus polyprotein are indicated.
